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Methylmercury (MeHg) is recognized as a significant environ-
mental hazard, particularly to the development of the nervous
system. To study the molecular mechanisms underlying cell cycle
inhibition by MeHg, we assessed the involvement of p21 (Wafl,
Cipl), a cell cycle regulatory gene implicated in the G, and G,
phases of cell cycle arrest, in primary embryonic cells and adult
mice following MeHg exposure. Previous literature has supported
the association of increased p21 expression with chondrocyte dif-
ferentiation. In support of this finding, we observed an increasing
p21 expression during limb bud (LB), but not midbrain central
nervous system (CNS) cell differentiation. Both embryonic LB and
CNS cells responded to MeHg exposure with a concentration-
dependent increase in p21 mRNA. In the parallel adult study,
C57BL/6 female mice were chronically exposed to 10 ppm MeHg
via drinking water for 4 weeks. While there was limited or absent
induction of Gadd45, Gadd153, and the y-glutamylcysteine syn-
thetase catalytic subunit, p21 was markedly induced in the brain,
kidney, and liver tissues in most of the animals that showed
MeHg-induced behavioral toxicity such as hyperactivity and
tremor. Furthermore, the induction of p21 mMRNA was accompa-
nied by an increase in p21 protein level. The results indicate that
the activation of cell cycle regulatory genes may be one mechanism
by which MeHg interferes with the cell cycle in adult and devel-
oping organisms. Continued examination of the molecular mech-
anisms underlying cell cycle inhibition may potentially lead to
utilization of this mechanistic information to characterize the
effects of MeHg exposure in vivo. © 1999 Academic Press
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Methylmercury (MeHg] is recognized as a significant en-
vironmental hazard, particularly to the development of th
nervous system. While the poisoning episodes in Japan in t
1950s and Irag in the 1970s have led us to recognize the myri
health effects associated with MeHg exposure, the potent
developmental effects associated with prolonged low lev
MeHg exposure, such as through maternal ingestion of se
food, remain uncertain. One of the main obstacles to assess
the risk associated with low level MeHg exposure comes frol
our inability to identify critical early events that lead to toxicity
and that occur before the onset of neurobehavioral change:s

To understand the effect of MeHg on the CNS, sever:
studies have attempted to characterize histopathologic
changes, which may manifest as neurobehavioral alteratiot
Following in utero exposure to high or moderate doses o
MeHg, neuronal displacement and loss in the fetal brain
observed upon histological examination (Chedi al., 1978;
Haradaet al., 1977). However, the identification of similar
structural changes associated with lower doses of MeHg e
posure, a more common human exposure profile, often fal
(Laphamet al., 1995). With high doses of MeHg exposure,
alterations in both neuroblast proliferation and neuronal m
gration are implicated in the observed histological change
(Clarkson, 1991). The effects of lower doses may also involv
similar alterations in cell cycling and cell migration, which
may be too subtle to detect upon gross histological examin
tion. Therefore, to identify more subtle changes presumab
associated with lower doses of MeHg exposure, one approa
may lie in the identification of molecules that are involved ir
cell cycling or cell migration and are responsive to MeHg.

We have studied the molecular mechanism underlying tt
cell cycle alteration by MeHg for several reasons. First, avai
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able evidence from studies using human autopsy samplegidence has also supported the role for p21 in control of tt
animal tissues, and cells exposed vitro demonstrate that G,—M transition (Waldmaret al., 1996), cell senescence, and
impaired cell proliferation is a consistent and sensitive endrminal differentiation (Parkest al., 1995).
point of MeHg toxicity (Howard and Mottet, 1986; Miura and We hypothesize that MeHg-induced alteration of calciur
Imura, 1987; Poncet al., 1994; Rodieret al., 1984; Sager, homeostasis and oxidative stress can activate a distinct sig
1988; Vogelet al., 1986). Second, because normal developransduction pathway, leading to the observed cell cycle alte
ment requires precisely timed cellular proliferation and diffe@tion. To test this hypothesis, our first step is to identify th
entiation, perturbation of the cell cycle could potentially extarget cell mediators. We have previously shown that th
plain the multiple toxic effects of MeHg on the developingctivation of Gadd45 and Gadd153 (@ual., 1997) is asso-
CNS. Moreover, neuronal proliferation and migration are nectated with the dose-dependent alteration of cell cycling i
essarily coregulated to ensure proper development (Ehale primary embryonic CNS cellis vitro (Ponceet al.,1994). The
1997; Nakaymeet al., 1996; Takahashét al., 1996). Finally, present study examines whether another cell cycle mediat
understanding the molecular mechanism underlying the cpR1, participates in the cell cycle alterations induced by MeH
cycle alteration by MeHg may potentially lead to the identifiin addition, to determine whether the induction of cell cycle
cation of markers for studying effects associated with lowegulatory genes such as p21 occursivo, an initial investi-
doses of MeHg exposuiia vivo. gation in adult mice following chronic low dose MeHg expo-
Activation of signal transduction pathways with subsequentire is presented. The study here provides further evidence t
induction of cell cycle regulatory genes has been proposediagduction of cell cycle regulatory genes may underlie the ce
one potential mechanism underlying cell cycle arrest resulticgcle changes induced by MeHg exposure.
from environmental insults. Among those cell cycle regulatory
genes identified to date are the tumor suppressor proteins p53,
p21 (Wafl, Cipl), Gadd153, and Gadd45. Distinct signal trans-
duction pathways leading to induction of Gadd genes and pz%ell culture. Primary micromass cultures were prepared according to th
have clearly been identified in response to specific types @bcedure described by Flint (1983) and modified by Ribeiro and Faustm:
injuries. For example, the cytotoxic agents taxol and cisplatif®90). Briefly, gravid uteri were removed from pregnant (12.5 day postce
can each induce cell cycle arrest via the induction of Gadd138M) Sprague-Dawley rats (Bantam and Kingman Universal, WA). Embry

but only cisplatin exerts this effect via the activation of tyrosin%”'c midbrain CNS and limb bud (LB) cells were dissected and dissociate
Into single cell suspensions and plated asul@liquots at a concentration of

protein kinase pathways (Gate@_t al., 1996). Further, Gadd 5 » 10° cells/ml for CNS and 2« 107 cells/ml for LB. Ham's F-12 medium
genes and p21 can each be activated by a variety of extragghtaining 10% fetal bovine serum, 50 U/ml penicillin, 5 mg/ml streptomycin
lular signals that modify cellular thiol-redox status and increased 5.8 mg/ml-glutamine was added to the cultures after a 2-h attachme!
intracellular calcium levels (Bartle&t al., 1992: Cheret al., period. The dishes were then incubated at 37°C with 95% air/5% &@d
N -
1992; Fornaceet al., 1989; Russcet al., 1995). However, 100% humldlty for 5 days. All cell culture reagents were purchased fror
. . . : GIBCO Life Technology Inc. (Grand Island, NY).

oxidative stress resulting from DEM exposure induces eXpres_Chem'cal treatments. The stock solution of methylmercury(ll) hydroxide

. . i . uti u Xi
sion of p21, but not Gadd45 (Rusebal., 1995). Finally, DNA Y ya

- . / Ci% M) (Alfa Aesar, Ward Hill, MA) was prepared as 1 mM in water. A final
damage-induced p21 expression occurs via a p53-dependghtentration of MeHg was further diluted in water and then applied in th

pathway (el Dieryet al., 1993), while expression of p21 culture medium to Day 1 cultures (24-h postplating). Colchicine (Sigma, S
induced by oxidative stress is p53-independent (Regsal., Louis, MO) stock solution was prepared in water and further diluted in cultur
1995). Similarities in effects on calcium homeostasis (Hztre medium. CNS and LB cells were cultured in a Plexiglass chamber with 95

air/5% CO, and 100% humidity and placed in an incubator at 37°C (Petce

al., 1993) and oxidative stress (Yee and Choi, 1994) betweglr,' 1994). Cytotoxicity and differentiation were assessed 24 and 48 h aft

many of these ?gents and M?Hg suggest that _MeHg'indU_Q_@g-lg and colchicine treatments and on Day 5 cultures.

C?” Cy_CIe alterations may a_Iso '_nVOIVe Fhe acpvatlon of SpecmcCytotoxicity and differentiation assessmentCell viability was monitored

signaling pathways resulting in the induction of cell cycl@y the uptake of neutral red on the basis that neutral red is only accumulat

regulatory gene expression. in lysosomes of viable cells (Whittaker and Faustman, 1992). CNS differel
The cell cycle regulatory gene p21 was originally discoverdigtion was assessed with hematoxylin staining, in which the intensity

: : ; f staining is correlated with degree of neurite extension and neuronal differe
as a prime mediator for p53-induced @rrest following DNA iation (Whittakeret al., 1994). Differentiation of LB cells was quantified by

damage (el Deir}et al., 1993)' 921 is a negative regmatc_)r Ofalcian blue staining of sulfated proteoglycans, a marker that is expressed
several cdks that are each involved in the progression diferentiated LB cells (Whitaker and Faustman, 1992). The intensity o
different cell cycle phases (Xiangt al., 1996). By inhibiting hematoxylin and Alcian blue staining was quantified by image analysis (Ame
the activity of G cdks, p21 is believed to inhibit the cell cycleican Innovision-videometric 150, San Diego, CA).

transition at the G-S margin by blocking RB protein phos- Cell cycle analysis. Cell cycling rate was determined as the fraction of
phorylation (Harpeet al., 1993). In addition to its role in the cells successfully reaching a new/G, phase and was measured by BrdU

.. L . . Sigma) and Hoechst (Sigma) analysis as previously described (Ormerod &
G, transition, p21 also inhibits DNA replication in the S phas ubbies, 1992; Rabinovitcét al.,1983). Cells that undergo DNA synthesis in

by suppressing the ability of the PCNA to activate DNAhe presence of BrdU substitute BrdU for thymidine. Accordingly, as Brdl
polymerases (Wagaet al., 1994). More recently, emerging quenches Hoechst fluorescence but not EB fluorescence, this substitution \

METHODS
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result in the appearance of a new cell population on an EB—Hoechst flowin, the homogenates were centrifuged at 15¢000 20 min at 4°C to obtain
cytogram concomitant with a reduced fluorescence along the Hoechst agiwl cell lysates. Protein concentration was determined by the BCA methc
(Ormerod and Kubbies, 1992; Rabinovitehal., 1983). In brief, BrdU, at a (Pierce, Rockford, IL). One hundred micrograms of protein per sample we
final concentration of 8@.M, was added to cultures in conjunction with MeHgseparated by electrophoresis on a 12% SDS—-PAGE gel for p21 protein det
treatments. At the end of exposure period, cells were harvested under sodiiom. Protein samples were further transferred to Protran Nitrocellulose mer
lamp illumination to avoid BrdU-induced photosensitization. The cell pelldiranes (Schleicher and Schuell) followed by Ponceau S staining to verify eqt
was then suspended in 5@00of 1.2 ug/ml Hoechst/10% DMSO (v/v; Sigma) sample loading and transfer. Western Blotting analysis of p21 protein w:
and frozen at-80°C until all the time points were collected. Cells were thaweg@erformed using enhanced chemiluminescence (Amersham Life Science,
and placed in phosphate-buffered saline buffer containing 0.154 M NacCl, Oirigton Heights, IL) with a purified rabbit polyclonal antibody against a peptide
M Tris, pH 7.4, 0.5 mM MgCJ, 0.2% bovine serum albumin, 0.1% Nonidet-corresponding to amino acids 146-164 from the carboxyl terminus of hum:
P40, 5.9ug/ml Hoechst, and 3wg/ml EB. Flow cytometry was performed p21 (Santa Cruz Biotechnology, Santa Cruz, CA) and anti-rabbit IgG HRF
using a 525+ 18-nm bandpass filter for Hoechst emission and a 580-nm lompnjugated secondary antibody (Amersham Life Science).

pass filter _for EB emissic_)n and analyzed according to th_e method of _Ormeroqmmunoprecipitation. Briefly, cleared protein lysates were immunopre-
and Kubbies (1992) using the software program MultiPlus (Phoenix I:IC’XYpitated with a 5ug p21 polyclonal rabbit antibody or an anti-rabbit 1gG

Systems). antibody (Santa Cruz Biotechnology) in RIPA buffer containing 0.1% BSA
Animal treatments. Animal housing and exposure of MeHg for Studies AEach sample was incubated with tiltingrfd h at 4°C, followed by an
and B were conducted according to the procedures previously described (Ogdditional 2-h incubation at 4°C with 2.5 mg protein A—Sepharose (Pharmac
al., 1997). In brief, C57BL/6 female mice 4 weeks of age were allowed tpiscataway, NJ). The samples were then washed three times with RIPA buff
acclimate for 2 weeks prior to the beginning of the study and were arbitrariigllowed by another wash with 10 mM Tris—HCI, pH 7.4, and separated b
placed into dose groups of 0, 3, or 10 ppm MeHg with methylmercurgpS—PAGE electrophoresis on a 12% gel. Inmunoblotting was performe
hydroxide administered in the drinking water for 4 weeks. Twice weeklyith a p21 polyclonal rabbit antibody (Santa Cruz Biotechnology) and er

animals were weighed, water was changed, and fluid consumption was Hignced chemiluminescence detection (Amersham Life Science).

corded for the duration of the study. MeHg dosing solutions were verified aSgtistical analyses. Levels of p21 mRNA expression among Days 1, 2, 3,

stated concentrations by cold vapor atomic absorption spectrophotometry (Dr. ) ;
James Woods, University of Washington, Seattle, WA). During the stuaa[;d 5 of CNS and LB cultures were analyzed by ANOVA; when appropriate

. . f : - - ost-hoc testing (Dunnett) was used to determine whether expression levels
period, any abnormal neurobehaviors, including hyperactivity, scoliosis, pl

: - . - . _ys, 2, 3, and 5 differ from those on Day lpat 0.05 (Miller, 1981). Levels
ing deficits, posterior paresis, and tremor were recorded without knowledgeo?e%le’ Gadd45, Gadd153, and GCS-HC mMRNA expression among control a

treatment history. At the end of the 4-week exposure period, tissues (brain, }
liver, and kidney) from control and MeHg-treated animals were dissectzaeatmem groups were analyzed by ANOVA, and, when appropriate, post-h

quick-frozen immediately upon procurement, and stored82°C until RNA telsting (Dunnett) was used to determine whether the treated groups differ frc

isolation. In Study B, in addition to the mRNA expression analysis, selectth controls aip = 0.05 (Miller, 1981). All analyses were performed by

tissue and blood samples from control and 10-ppm treatment groups WereSTAT for Macintosh (SYSTAT, Inc., Evanston, IL).

collected for MeHg analysis by cold vapor atomic absorption spectrophotom-
etry (Frontier Geosciences Inc., Seattle, WA).

Northern blotting. Total RNA was isolated using Trizol Reagents (Gibco
BRL, Grand Island, NY) according to the manufacturer’s instructions. Fifteen ] )
micrograms of RNA was electrophoresed in a 1% formaldehyde agarose B¢velopmental Expression of p21 mRNA in CNS and LB
and transferred to a nylon membrane (GeneScreen Plus, DuPont NEN, BostorCultures
MA) using the downward transfer method by Turboblotter (Schleicher and
Schuell, Keene, NH). A’P-labeled cDNA probe (1.2 kb Kpn I-Sac | fragment Primary CNS and LB cells were prepared from Gestatio
for p21) was prepared by a random priming method (Ambion, Austin, TXbay 12 embryos and cultured for 5 days. Primary embryoni

The membrane was prehybridized for at tehh at60°C in a hybridization . A
buffer containing 100ug/ml denatured salmon sperm DNA, 10% dextranCNS and LB cells undergo differentiation over the S'da3

sulfate 1 M NaCl, and 1% SDS. The hybridization was then carried out in th@ulture periodin vitro, as indicated by the increasing expres:
same buffer with 4—8< 10° cpm/ml [*P]JcDNA probe (60°C, overnight), sion of neuronal differentiation markers in CNS cells and o
followed by washing (X SSC, 0.1% SDS; & SSCis 5mM NaCland 1 mM gyIphated polysaccharides in LB cells (Whittakeal., 1994).

NaCitrate) at room temperature for 15 min and a high stringency wask (0.]| : ; ; : ; ;
_ _ creased expression of p21 is associated with terminal diffe
SSC, 0.1% SDS) at 60°C for 50 min. For detecting message levels of 1& P P

fRNA, 10 ng rathuman 18S rRNA antisense probeCBCCTCTAGCG- €ntiation of many cell types including myoblasts (Haletgl.,

GCGCAATAC-3, was labeled by an end-labeling method using T4 kinast995). We found a differential expression of p21 mRNA
(Gibco BRL) at 37°C for 30 min. Hybridization was performed in a hybridassociated with differentiation in CNS and LB cultures. A
ization buffer containing 0.1% SDS, 10@g/ml salmon sperm DNA, 8 gradual decrease in the expression of p21 mRNA from Days

Denhardt’'s (0.02% Ficoll, 0.02% polyvinylpyrrolidone 360, 0.2% bovm% ; ;
) 0 5 in CNS cells was consistently observed, however the!
serum albumin), & SSPE (1.0 M NaCl, 6uM NaH,PO4, pH 7.4, 6QuM y

EDTA, pH 7.4) at 52°C for at least 6 h. The relative expression of p21 mRNﬁhang_es are ”_Ot Slgmﬂcamly different (Flg' 1)' For example
levels between control and MeHg-treated samples was determined by a d&&anning densitometry measurements from three separate
sitometer (Scanmaster 3, Howtek, Hudson, NH) with subsequent normalizatperiments revealed that mRNA expression levels of p21 c
to the intensity of the 18S rRNA signal to ensure equal sample loading. Day 5 were 60+ 12%, respectively, of those on Day 1 for CNS
Western blotting. Brain, kidney, and liver tissues were weighed and dicegel|ls. In contrast, for LB cells, a marked increase in p2
into small pieces. Approximately 100 mg of tissue was homogenized in 0.3 @kpression from Days 1 to 5 was observed<( 0.05). The
ice-cold RIPA buffer (10 mM Tris—HCI, pH 7.4, 150 mM NacCl, 1% NP40, .
0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA) with a cocktail oaverage expression of p21 on Days 3 and 5 of LB CU|tureS_ w
protease inhibitors (1g/ml PMSF, 2ug/ml aprotinin, Sug/mi leupeptin, 1 900 = 230 and 580+ 130%, respectively, of the expression
uM pepstatin A, 100uM benzamidine). Following incubation on ice for 30levels on Day 1 (Fig. 1).

RESULTS
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a LB CN5 13%, respectively, of concurrent untreated controls, while tr
percentage of viable cells was 67 and 33% of respecti
: controls. In these experiments, we also used the microtubt
1 ”“. . » inhibitor colchicine as a positive control to delineate the rela
- = tionship between effects of MeHg on cell viability and cell

" cycling. Following 2uM MeHg treatment for 24 h, the number

- & of viable cells was 67+ 11% of control untreated cells. At

163 “. . similar levels of cytotoxicity, 25 nM of colchicine resulted in
a more pronounced inhibition of cell cycling (99% inhibition)

lzm_ compared to MeHg-treated cells, which showed approximate
:}:}_ 75% inhibition (Table 1). Following 2M MeHg treatment for

48 h, cell cycling rate declined to only 13% of untreatec
Py - controls. Alternatively, at similar levels of cell cycle inhibition,

5]
|

b

=

o]

5

- - * ; o MeHg appeared to be the more lethal agent; the survival
e i —O— CNS o :

5 600 [ S CNS cells was 33% of untreated controls in MeHg-treated cel
g 500 - 6 1 e LB compared to 46% of untreated controls in colchicine-treate
5 o . cells at 48 h (Table 1).

E« 300 .*"'{ J

- ‘_‘-'

S 200~ & . L . .

c gl D_—_U\D—\D Induction of p21 mRNA Expression in Primary Embryonic
B

CNS and LB Cells Following MeHg Exposure

T T 1 T
Dayl Day2 Day3 Day>s . .
We have previously demonstrated a dose-dependent indi

FIG. 1. Changes in p21 mRNA levels during differentiation of CNS andjon of mRNA for the growth arrest genes Gadd45 an
LB cells in cultures. Micromass primary CNS and LB cells were prepared ar@add153 following MeHg exposure in primary CNS cells (Ot
cultured for 5 days. Total RNA was isolated on Days 1, 2, 3, and 5 of the .
culture. Northern analysis was carried out as described in Methods an(‘?taal" 1997)' To further understand the mechanisms of ce
representative blot is shown. Following hybridization witi8-labeled p21 Cycle alteration in MeHg-exposed cells, we determine
cDNA probe, blots were stripped and reprobed witffRrlabeled probe for whether p21, another regulator involved in control of cell cycle
18S rRNA. (a) A representative blot showing differential expression of pZérrest, can also be activated foIIowing MeHg exposure. On D:

during differentiation of CNS and LB cells in cultures. (b) Quantification 05_ f th It di to 24 h tolati .

p21 relative mRNA levels during differentiation of CNS and LB cells in of the cuitures, correspon Ing_ 0 postpialing, prima

cultures. Northern blotting with subsequent densitometry scanning was use§®S and LB cells were treated with 1 o MeHg for 24 h.

quantify mRNA levels. The levels on Days 2, 3, and 5 are expressed relath®rthern blotting and densitometric scanning of resultant au

to those on Day 1. Bars represent the meanSEM of three independent toradiographs were used to determine the relative mRNA e

experiments. When no error bars are observed, the SEM falls within the plortession in control and treated cells. As shown in Fig. 2. MeH

symbol. *Significantly different from the expression levels of Daypl<( P . . ’ . 9.4

0.05). caused a dose-related induction of p21 mRNA in both CNS ar
LB cells. Compared to untreated controlsp®l MeHg expo-
sure for 30 h causes a 2#512% increase in the proportion of

Concentration-Dependent Decrease in Cell Viability and  G,—M phase cells with a corresponding decreasex4&%) in

Cell Cycling Following MeHg Exposure the S phase population (Poneeal., 1994). At this concentra-

The neutral red uptake assay is a measure of relative nutr'ﬁ—n’ we observed an average Increase in p21 mRNA expre

bers of viable cells and therefore measures the combined effé@" Of 2.0+ 0.4-fold for CNS cells and 2.6 0.5-fold for LB

of MeHg on both cell lethality and proliferation. Cell cyclingCe!lS compared to untreated control cells (Table 2). The ma
rates were determined as the proportion of cells successflijide of p21 mRNA induction in MeHg-treated embryonic
completing a round of cell cycle, which can be measured [5¢!1S: however, is less profound than that of Gadd4S ar
Brdu—Hoechst labeling followed by flow cytometric detectioP@dd153 (Owet al., 1997). For example, upon 2M MeHg

as previously described (Ormerod and Kubbies, 1992; RabfiPosure for 24 h, the fold induction of Gadd45 and Gadd12
ovitchet al.,1983). Following MeHg exposure for 24 and 48 his approximately 6.2 and 4.9 in CNS cells and 3.9 and 5.1 |
a dose-dependent decrease in number of viable cells and k8Icells, respectively. GCS-HC expression is induced follow
cycling rates were observed, and alteration of cell cyclii§g subchronic and chronic MeHg exposure in adult mous
appeared to be a more sensitive end point compared to Etgin and kidney (Let al., 1996; Woods and Ellis, 1995). We
decrease in viable cells (Table 1). For example, following und that with 24 h MeHg exposure, the expression c
uM MeHg exposure for 24 and 48 h, the percentage of celB3CS-HC mRNA levels was strongly induced in LB cells, bu
successfully completing one cell division was only 25 andot in CNS cells (Table 2).
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TABLE 1
Dose-Response Relationship for Effects of MeHg Treatment on Cell Viability and Cell Cycling in Primary Embryonic CNS Cells

24-h treatment 48-h treatment
Cell viability Cell cycling Cell viability Cell cycling

MeHg (uM)

0 100 20.4 =3.8 (100) 100 56.6- 5.9 (100)

1 85.5+ 6.1* 13.2 +£1.6* (64.7) 60.7+ 7.1* 40.7+ 3.9*(71.9)

2 66.5+ 11.2* 5.0 =1.4* (24.5) 33.1* 0.5* 7.4+ 2.1*(13.1)

4 24.6+ 12.2* 0.0 £0.0* (0) 4.8+ 2.2* 1.5+ 1.2*(2.6)
Colchicine (nM)

12.5 89.4+ 8.9* 175 = 4.5* (84.5) 80.4* 0.4* 56.0£17.0 (98.9)

25 69.3+ 7.8* 0.25+ 0.25* (1.2) 46.3+ 6.6* 9.0+ 0.0* (15.9)

Note.CNS or LB cells were treated with 0, 1, onial MeHg for 24 or 48 h. Cell viability was determined by neutral red uptake and was expressed rela
to control untreated cells. Cell cycling rate was expressed as the fraction of cells successfully completing one round of cell cycle, and dsterm
Brdu—Hoechst staining and flow cytometry. The value in parentheses indicates the percentage of response relative to control untreated celised\hitbe
the meanst SEM from a least four independent experiments.

* Significantly different from control cells.

Induction of p21 mRNA Expression Following Chronic weight development and fluid consumption between contr
MeHg Exposure in the Adult Female Mouse and treatment groups were found.

In order to determine whether the induction of p21 by MeHg Study A. At the end of 4-week exposure period, animal
occursin vivo, we conducted chronic MeHg exposure in deVér® examined for symptoms of toxicity and tissues wer
veloping embryos as well as in female adult mice. While tHPt@ined for Northern blot analysis. Animals in the 3-ppn
analysis of embryonic data is still in progress due to the ne8fPUP did not reveal any overt toxicity or mRNA induction in
for a highly sensitive technique to measure gene expressiorffly ©f the genes examined. In the 10-ppm group, three of fi
embryos, we report here the results from the adult study fBRimals showed overt MeHg toxicity, including hyperactivity.
comparison. Adult female mice were exposed to MeHg (3 3p0I|0_3|s,_pIacmg deficits, po_sterlor paresis, and tremor. Upc
10 ppm) in their drinking water for 4 weeks, an exposure levE@mination, none of the animals appeared to have any grc
that was chosen to simulate a likely human exposure profﬁégan al_anormalmes. Interestmgly, th_e induction of p21 m_RN/
(Harada, 1977), and has been shown to cause developme‘ﬁ&_r‘?ss'on was onl_y observed in animals that showed signs
malformations in mice (Thompson, 1996). During the studéix'c'ty' An estimation of 6.8+ 1.4,12.9+ 2.1, and 13.7=
period, body weight development and fluid consumption wef3-fold increase in p21 mRNA was observed in the brair
recorded, and any abnormal neurobehaviors, including hyplYer: and kidney tissues of these animals, respectively, ov
activity, scoliosis, placing deficits, posterior paresis, arfg®ntrol animal levelsg( < 0.05; Fig. 4a). In contrast, a signif-
tremor were recorded without prior knowledge of treatment

history. In both studies, no significant differences in body TABLE 2

Fold Induction of p21 mRNA Expression, in Comparison to
GCS-HC Following MeHg Exposure in Primary Embryonic CNS

CNS LB and LB Cells
MeHg (uM) 0o 1 2 01 2 CNS LB
P21 - Genes 1puM 2 uM 1 uM 2 uM

P21 1.5+ 0.1 2.0 0.4 1.4+ 0.3 2.6+ 0.5*
a B i . GCS-HC 1.1+ 0.1 1.2+ 0.1 3.9+ 0.9% 5.4+ 0.1*
188 “‘ .‘.
&= B & = Note.CNS or LB cells were treated with 0, 1, or.iaM MeHg for 24 h and
) total RNA was isolated for Northern analysis of p21 and GCS-HC expressio
FIG. 2. Changes in p21 mRNA levels following MeHg exposure of CNSThe mRNA expression levels were determined by scanning densitomet
and LB cell cultures. CNS or LB cells were treated on Day 1 with 0, 1, or Bormalized to the intensity of the 18S rRNA, and expressed relative to contr
mwm MeHg for 24 h, and total RNA was isolated for Northern analysis. Thentreated cells, whose value is set at 1.0. Values shown are the meaEM

transcript level of 18S rRNA was used to control for equal loading of RNA ifrom four independent experiments.
each lane. A representative blot is shown. * Significantly different from control cells.
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TABLE 3 showed p21 induction was 4.5 0.1- and 5.5+ 0.6-fold
Relationship Between MeHg, Inorganic Hg Content, and p21 elevations in the cerebellum and cortex and 22.7.8- and
mMRNA Expression in the Cortex Region of Female Mice Brain 17 5+ 5.6-fold elevations in the liver and kidney, compared tc
Following MeHg Exposure for 4 Weeks those in unexposed animajs € 0.05; Figs. 3 and 4b). We did
not observe a significant increase of Gadd45, Gadd153, a
GCS-HC mRNA transcript in any of the 10-ppm-exposet

MeHg Inorganic Hg Relative p21  Blood levels

Animal no. ng/ ng/ mRNA ng/
(g0 (g0 (ng/o) animals (Figs. 3 and 4b).
127 111 NA 1.0 NA
154 20,757 370 1.0 16,922
155 21,512 640 4.8 16,531 Increased p21 Protein Levels Following MeHg Exposure
159 22,869 NA 4.8 15,628
151 26,055 NA 6.72 15,039 We have shown that MeHg exposure results in the up-regul

tion of p21 MRNA in primary embryonic CNS ceiis vitro and

Note. Animal 127 was one of the unexposed controls. Animals 151, 154, o4 1t cNSin vivo. To further determine whether the increase ir
155, and 159 received 10 ppm MeHg exposure for 4 weeks. MeHg concen-

tration was determined by the cold vapor atomic fluorescence detector. NA, _Prgl mR_NA upon MeHg exposure is accompanied by an in_Cre_a
available. in protein levels, which ultimately allows p21 to engage in it

physiological role in cell cycle, we examined p21 protein level

from control and MeHg-exposed animals. Western blot analys

icantly lower induction was observed for Gadd45, Gadd13gas intially used to detect p21 protein levels. We repeated
(Ou et al., 1997), and GCS-HC mRNA expression under thghserved two bands at approximately 21 kDa in the brain, kidne
same treatment regimen. and liver of adult mouse tissues (Fig. 5a). The upper band repi
Study B. By the end of the 4-week exposure period, nongents the 25-kDa IgG light chain dissociated from the 1gG hc
of the animals in the 3-ppm group showed either toxicity doantibody, which is present in many tissues and may be recc
induced expression of any examined genes. In the 10-pmized by the secondary antibody. Further analyses using posit
treatment group, four animals appeared to show various sigmsitrol cell line lysates that expressed only the lower band der
of toxicity. Tissue MeHg and inorganic Hg analysis at the enshstrated increased p21 protein levels in brain, kidney, and liv
of the 4-week period revealed a correlation between MeHigsues of animals with p21 mRNA induction. A representativ
concentrations and p21 mRNA expression levels in the cortblot showing the induction of p21 protein expression in the kidne
(Table 3). The average MeHg levels in 10-ppm-exposed miseshown in Fig. 5a. We also confirmed the specificity of th
were 22,800+ 2300 ng/g in cortex and 16,000 800 ng/g in Western blot analysis by performing an immunoprecipitation e
blood. The amount of inorganic Hg was less than 5% of thperiment with an anti-p21 antibody. An IgG control antibody wa
total Hg in the cortex. A strong elevation of p21 expressiomsed to demonstrate the specificity of the immunoprecipitatio
was observed in three of 10-ppm-exposed mice that showsidce the constant region of the p21 antibody could potential
signs of toxicity, while the other animal in the same group dibind to many proteins cross-reactive with the p21 antibody. Tt
not show p21 induction compared to untreated controls. Thpecificity of the p21 signal was demonstrated and increas
average increase of p21 mRNA expression in animals wheapression of p21 protein was observed in brain, kidney, and liv

Kidney Liver Cerebellum Cortex

MeHg (ppm) 0 10 10 0 10 10 0 10 10 0 10 10

ccw:m
LR TT I S

FIG. 3. Changes in p21 mRNA levels following MeHg exposure of adult mouse tissues. Female adult mice were exposed to 10 ppm MeHg via d
water for 4 weeks. This representative blot shows a Northern analysis of expression levels of p21 and GCS-HC mRNA in the cerebellum, cortexd kidi
liver of control and MeHg-treated animals. The transcript level of 18S rRNA was used to control for equal loading of RNA in each lane.
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a 3 cerebellum, and cortex) following chronic low dose MeHc
exposuren vivo. p21 is implicated in the control of cell cycle
arrest, and the activation of p21 gene expression observed
our study is consistent with previously described effects c

30 -1

25

E Kidne MeHg on cell cycle kinetics (Poncet al., 1994) and on the
§ 20 y inhibition of DNA synthesis (Roet al., 1991). Together, the
E * 0 Liver observations here support the hypothesis that MeHg compi
e _ mises normal cell cycle progression at the molecular level i
2 | Brain developing embryos.

Pathological examination af utero MeHg-exposed brain
tissues from several animal species reveals diffuse cell lo
across all brain regions (Reviewed in Burbackeal., 1990).
The observed cell loss may be due either to increased cell de
or decreased cell proliferation and cycling upon exposure
b3S MeHg. Subsequent experimental studies on the developi

rodent CNS demonstrated inhibitory effects on mitotic activity
at brain MeHg concentrations that did not cause overt toxicit
(Rodier et al., 1984; Howard and Mottet, 1986). Consistent
with previous findings, inhibition of cell cycling appears to be

~§ Kidney a sensitive gauge of MeHg exposure in primary embryon
é ] Liver CNS cells. By comparing the percentage of viable cells ar
5 that of cells undergoing active cell cycling following MeHg
3 Cerebellum oy 5sure, we show that a substantial fraction of observed ¢
= B Cortex loss can be explained by impaired cell cycling. By comparin
the data from colchicine and MeHg-treated cells, the currel
study further indicates that MeHg-induced cytotoxicity cannc
be fully explained by its effects on cell cycling. It is likely that

MeHg-induced cytotoxicity occurs via pathways independel
of cell cycle inhibition. Cells from p53 and p21 knockout mice

FIG. 4. Fold induction of p21 mRNA expression in adult mice followingmay be employed to investigate the relationship betwee
10 ppm methylmercury exposure for 4 wedksvivo. (a) Study A: Female MeHg-induced cytotoxicity and cell cycle inhibition. Further
adult mice were exposed to 10 ppm MeHg through drinking Waterfor4weel§s[udieS should also address whether MeHg-induced alter

Northern blot analysis and subsequent densitometry scanning were used {0 . h . | d idati
quantify relative mRNA levels. The transcript levels are normalized to 1g<aicium omeostasis (Hae al., 1993) and oxidative stress

ribosome message levels and are expressed relative to those in control (€ and Choi, 1994) are ultimately linked to its effect on cel
treated animals, whose value is set at 1.0. Three of five animals shoveycling.
symptoms of toxicity accompanied by a strong induction of p21 mRNA The consequences of cell cycle alteration from MeHg expc

expression and, to a lesser degree, Gadd45 and GCS-HC. No inductio P o :
Gadd153 was observed. Bars represent the mean of fold induction from ﬂ:kﬁPe may underlie, in part, the vulnerability of the developin

animals= SD. When no error bars are observed, the SD falls within the pl(gt?RIS to MeHg. In the mature adult CNS, cell cycle arrest ma
symbol. (b) Study B: Four animals in the 10-ppm treatment group showégpresent a cellular defense mechanism. For example, p52
signs of toxicity accompanied by the induction of p21 mRNA expressiothought to maintain genome integrity by initiating a p53-

There was a limited induction of Gadd45, Gadd153, and GCS-HC. *Signi@-ependent Gcheckpoint arrest’ to allow DNA repair or the

cantly different from unexposed controls £ 0.05). induction of apoptosis to eliminate the proliferation of genet
ically damaged cells following genetic insults (Clar&eal.,

) ] ) ~1993; Kastaret al., 1991; Kuerbitzet al., 1992; Loweet al.,

tissues of 10-ppm-exposed animals. A representative blot in §§93). However, the activation of cell cycle arrest as a result

p21  Gadd45 Gadd153 GCS-HC

analysis of kidney tissues is shown (Fig. 5D). toxic insults may have a far reaching impact on developmer
Development of the CNS is a highly temporally and spatiall
DISCUSSION regulated process, and a transient or sustained cell cycle arr

may interfere with the timing of critical developmental win-

The studies presented here demonstrate that MeHg can elictvs. This hypothesis is supported by studies showing that p

a dose-dependent activation of p21 in primary embryonic CN@Id-type mice capable of initiating cell cycle arrest and apo

and LB cellsin vitro. Furthermore, p21 gene expression, comptosis are more susceptible to agent-induced malformatio
related with MeHg conterih situ, is markedly induced at both compared with p53 null mice (Wubadt al., 1996).

the mRNA and protein levels in adult tissues (kidney, liver, The primary effect of MeHg on cell cycle progression is



210 OU ET AL.

a o

HeHg (promy MeHg (ppm) 0O 10 0 10
43 —

s [ 1]
. 29~ -

18 — \

14 — 18—

14 — X

FIG. 5. A representative blot showing changes in p21 protein levels following MeHg exposure in adult mouse tissues. Female adult mice were exg
10 ppm MeHg via drinking water for 4 weeks. This figure shows a representative blot from the analysis of kidney tissues, which reflects similar pange
protein expression in brain and liver tissues of 10-ppm-exposed animals. (a) Western blot analysis was used to detect the expression of p2lsprotee le
kidney of control and MeHg-exposed animals. (b) Immunoprecipitation followed by Western analysis was used to detect the protein levels indhedtithoey
and MeHg-exposed animals. Immunoprecipitates prepared with an antibody against human p21 or rabbit IgG (as indicated above the panel) wédrg sej
SDS-PAGE and immunoblotted with the anti-p21 antibody. For reference, the positions of molecular weight markers (kDa) are shown.

IgG p21

]

10

thought to involve a G-M arrest, via its inhibitory effect on drocyte differentiation (Stewaet al.,1997). Our results there-
microtubule assembly (Miuret al., 1984; Vogelet al.,1985). fore add to the current literature in support of the hypothes
However, several lines of evidence also suggest that Melttgat p21 is associated with differentiation of some cell type:
may interfere with other components of the cell cycle machiguch as LB, but not others, such as CNS cells.

ery, such as effects seen in the S andpBases (Grafét al.,  Despite the differential expression of p21 during the cours
1993; Ponceet al., 1994; Vogelet al., 1986). For example, of CNS and LB differentiation, a similar dose-dependent act
using taxol, MeHg effects on microtubule polymerization wergation of p21 was observed in both cell types following MeHg
reversed while DNA synthesis remained inhibited (Rtal., exposure. These findings suggest that, while p21 is engagec
1991). Furthermore, MeHg induced microtubule disassemhlye differentiation pathway for certain cell types, induction o

was demonstrated using purified microtubules under acyg] and the resulting cell cycle changes in response to Mel
exposurdn vitro (Miura et al., 1984; Vogelet al., 1985); the exposure may be a common cellular mechanism.

biological plausibility of this mechanism remains to be deter- Comparing the response of several genes to chronic Met

mined. In the present study, we demonstrate the indUCtiO”eBIposure in adult tissués vivo, we found that p21 is the most

p21 ex_pressmr: tfollo_W|_ngthchrhon|c MeHg exposunfa_lvlvc\)/\,/ah responsive gene of all those tested, suggesting that p21
scenario meant to mimic he human €xposure profiie. e vide a means for the direct characterization of the effects

previously shown that MeHg exposure induces a dose-depep- oo .
dent increase in Gadd45 and Gadd153 mRNA expression n?Hg on cell cyclingin vivo. Itis not known yet whether the

primary embryonic cells (Oet al., 1997). Although p21 and marked induction of p21 observed in adult CNS resides i

Gadd45 were first discovered for their association with @egrons or”gha.I.As ?r;])posdetljt ?N%mbryomc C'\és fcells:[ Wth'f
arrest, evidence regarding their role in-® is emerging undergo cetl cycling, the adu IS composed of postmitot

(Waldmaret al.,1996). The induction of genes involved in cell€Urons and other cell types. Glia are one of the major ce

cycle arrest may provide an alternative explanation for t4PeS in the adult CNS, and in some regions they outnumb
observed cell cycle alterations by MeHg. neurons by 10 to 1 (Gordon, 1994). Future studies involvin

In addition to its role in the control of cell cycle progressiort® Use Of immunocytochemistry arid situ hybridization

p21 has an important function in the terminal differentiation Jechniques should identify specific cell types associated wi
several cell types. The association of p21 with muscle c®®1 induction in the adult CNS. In addition, further studies
differentiation is supported by the findings in which an inshould address whether MeHg is the ultimate chemical speci
creased expression of p21 is associated with MyoD-inducggderlying the induction of p21. Conversion of MeHg to
muscle cell differentiation (Halevgt al., 1995). We show that inorganic Hg in the adult CNSn situ is shown to be a

increased expression of p21 is associated with LB but not Cegminent event following chronic low dose MeHg exposure
cell differentiation. Our observations are consistent with se@nd inorganic Hg is implicated as the proximate species for ce
eral previous findings in which an increased expression of ppumber changes of astrocyte and microglia in adult primat
is observed in postmitotic muscle cells, but not in embryon{€harlestoret al., 1995, 1996). Therefore, in addition to the
brain and spinal cord during embryogenesis (Pardeal., localization of p21 induction to specific cell types such a
1995), and increased p21 expression is associated with choeurons or astrocytes, future studies should also involve t
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